The purpose of this study was to compile and evaluate relationships between feed nitrogen (N) intake, milk urea N (MUN), urinary urea N (UUN), and ammonia (NH 3 ) emissions from dairy farms to aid policy development. Regression relationships between MUN, UUN, and NH 3 emissions were compiled from studies conducted in Wisconsin, California, and the Netherlands. Relative reductions in NH 3 emissions were calculated as percentage decreases in NH 3 emissions associated with a baseline MUN level of 14 mg/dL (prevailing industry average). For 3 studies with cows in stanchion barns, relative NH 3 emission reductions of 10.3 to 28.2% were obtained when MUN declined from 14 to 10 mg/dL. Similarly, analyses of 2 freestall studies provided relative NH 3 emission reductions of 10.5 to 33.7% when MUN levels declined from 14 to 10 mg/dL. The relative reductions in NH 3 emissions from both stanchion and freestall barns can be associated directly with reductions in UUN excretion, which can be determined using MUN. The results of this study may help create new awareness, and perhaps eventual industry-based incentives, for management practices that enhance feed N use efficiency and reduce MUN, UUN, and NH 3 emissions from dairy farms.
Dairy cows excrete urea N in urine, which is a source of NH 3 emission into the atmosphere. Of the total feed N consumed by lactating cows on commercial dairy farms, a general range of 20 to 35% is secreted in milk (Jonker et al., 2002; Chase, 2004; Powell et al., 2010) , and the remainder is excreted about equally in feces and urine (Kebreab et al., 2010) . Ration formulation may influence not only feed N transformation into milk but also the proportion of N excreted in feces and urine (Wattiaux and Karg, 2004) . As dietary CP increases and N intake exceeds requirement, feed N use efficiency declines and the excretion of urinary N increases without gains in milk N secretion (Broderick and Clayton, 1997; Nousiainen et al., 2004) .
Under prevailing feeding practices in the Midwest region of the United States, a well-balanced diet that contains about 164 g of CP/kg of DM maximizes milk production and minimizes urinary urea N (UUN) excretion by dairy cows (Broderick, 2003 (Broderick, , 2009 ). After excretion, urea N comprises 55 to 82% of total urinary N when dietary CP ranges from 135 to 194 g of CP/kg of DM (Olmos Colmenero and Broderick, 2006) . Upon excretion, urea N is hydrolyzed rapidly to ammonium (NH 4 + ) by urease enzymes found in feces and soil. In solution, NH 4 + is in a pH-dependent equilibrium with NH 3 , and the latter may be lost to the atmosphere depending on temperature, air velocity, and less important factors. Thus, the increase in UUN excretion due to excessive feeding of dietary CP increases NH 3 emissions during the collection, storage, and land application of manure (see Rotz, 2004; Powell et al., 2008; Arriaga et al., 2010) .
Urea is the main form of excretory N by mammals (Rook and Thomas, 1985) . Its synthesis occurs primarily in the liver from the NH 3 produced in splanchnic tissues (LaPierre et al., 2005) . High BUN concentrations have long been known to be indicative of inefficient utilization of dietary CP by ruminants (Lewis, 1957) . Urea equilibrates rapidly throughout body fluids, including milk, so concentrations of MUN reflect those of BUN (Gustafsson and Palmquist, 1993) . In addition, urea in body fluids is related to protein catabolism (Botts et al., 1979) and the inefficiency of N utilization in animal tissue (Jonker et al., 1998; Nousiainen et al., 2004) . Furthermore, metabolizable protein that is catabolized for energy contributes to the body urea pool. Thus, MUN can serve as an index of feed N utilization efficiency in the lactating dairy cow (Broderick and Clayton, 1997) .
Milk urea N has been measured extensively on commercial dairy farms to monitor and adjust dietary CP levels. Using MUN as a tool to fine-tune ration formula-4691 tion can enhance feed N use efficiency and decrease the excretion of N in urine (Kohn, 2007) . The accuracy of MUN for predicting ration CP levels and urinary N excretion has been validated with extensive farm data sets in the United States (Jonker et al., 1998) and Europe (Nousiainen et al., 2004) . On typical confinement dairy farms in the United States, MUN concentrations of bulk tank Holstein milk samples usually range from 11 to 18 mg/dL (Hutjens, 1998) , with peak MUN concentrations occurring during early lactation (Kohn, 2007) .
Over the past decade, in response to concerns related to the impact of NH 3 emissions on human and ecological health, much information has been published on positive relationships between dietary CP concentration, MUN, and urinary N excretion (Nousiainen et al., 2004; Burgos et al., 2007; Kohn, 2007; Kebreab et al., 2010) . A recent compilation of data from 8 experiments (32 dietary treatments) conducted in Wisconsin depicts typical relationships between MUN, dietary CP concentrations, and UUN excretion (Figure 1 ). Information is also available on relationships between UUN excretion and NH 3 emission from dairy barns (Smits et al., 1995; Monteny et al., 2002; Cassel et al., 2005; Powell et al., 2008) . Only a few studies have linked MUN, UUN excretion, and NH 3 emissions (Frank and Swensson, 2002; van Duinkerken et al., 2005 van Duinkerken et al., , 2011 Powell et al., 2008; Burgos et al., 2010) . Very few data are available on direct relationships between MUN and NH 3 emission. The purpose of this communication is to provide a general overview of the relationships among dietary CP, MUN, UUN excretion, and NH 3 emissions, and to examine the potential use of MUN in policy development and as a tool to create awareness and incentives that will lead to beneficial feeding practices and the reduction of UUN excretion and NH 3 emissions from dairy farms.
To assist poultry and livestock producers in their compliance with Wisconsin's Air Toxics Rule (NR 445, Control of Hazardous Pollutants), the Wisconsin Department of Natural Resources (WI-DNR) recently proposed "Beneficial Management Practices for Mitigating Hazardous Air Emissions from Animal Waste in Wisconsin" (WI-DNR, 2010). The technical advisory group tasked to write that report relied on literature reviews and their knowledge of animal agriculture in Wisconsin to designate "standard" prevalent practices that could be used as benchmarks for calculating relative reductions in NH 3 (and hydrogen sulfide) emissions due to the adoption of "beneficial" management practices. Therefore, to assess the impacts of beneficial feed practices, a MUN value of 14 mg/dL was selected as an industry-average benchmark, and a range of MUN values from 14 to 10 mg/dL was selected to calculate relative reductions in NH 3 emissions associated with reductions in MUN.
Using half a million DHIA records, the analysis of Wattiaux et al. (2005) determined that milk protein yields (kg/d per cow) by Holstein dairy cows were not penalized within the MUN range of 14 to 10 mg/dL. Results of controlled nutritional studies (Broderick and Clayton, 1997 ) and evaluation of a large DHIA database (Wattiaux et al., 2005 ) indicated that, under typical feeding practices in the Midwest, feed N use efficiency increased linearly as MUN levels declined from 24 to 10 mg/dL. Based on the selected benchmark MUN concentration of 14 mg/dL and the analyses contained in this communication, the Wisconsin Advisory Group recommended that a 10% NH 3 emission reduction credit be given for farms having monthly average bulk-tank MUN concentrations of 10 to 12 mg/dL, and a 20% reduction credit be provided to farms that kept monthly MUN concentrations <10 mg/dL (WI-DNR, 2010).
Our analyses encompassed about a 10-fold difference in NH 3 emission rates (from 10 to 95 g/d per cow) from 5 studies in the 3 geographic locations ( (Powell et al., 2008; Aguerre et al., 2010) ; SF 6 technique applied to stanchion barns in the Netherlands (van Duinkerken et al., 2011) ; excreta added to freestall flux chambers in Wisconsin ; and excreta added to freestall flux chambers in California (Burgos et al., 2010) ]. In addition, lower NH 3 emissions from stanchions than from freestall barns occur because of differences in bedding materials , the emitting surface areas, the degree of feces and urine mixing during manure removal from barns (Monteny and Erisman, 1998; Pedersen, 2006) , and other less important factors.
The relative NH 3 emission reductions associated with declines in MUN were similar across barn types and geographic locations (Table 1 ). For the 3 stanchion barn studies in Wisconsin and the Netherlands, an average NH 3 emission reduction of 12.4% was associated with a decrease in MUN from 14 to 12 mg/dL, and an average emission reduction of 24.9% was associated with a decline in MUN from 14 to 10 mg/dL. For the 2 freestalls in Wisconsin and California, an average NH 3 emission reduction of 13.5% was associated with a decrease in MUN from 14 to 12 mg/dL, and an average emission reduction of 27.4% was obtained when MUN decreased from 14 to 10 mg/dL. Possible reasons why MUN was not a better predictor of NH 3 emissions in the 2 Wisconsin stanchion studies (R 2 of 0.27 and 0.51; Table 1 ) were related to the use of very different cows (parity, DIM) for each trial; the use of weighted, individual MUN rather than bulk-tank MUN; and great differences in temperature and relative humidity (Powell et al., 2008; Aguerre et al., 2011) . Nevertheless, Derived from 3 barn chamber studies; each study had 16 dairy cows, 4 diets, 4 cows per diet, 4 replicates per diet (Powell et al., 2008) . Dietary CP from 157 to 212 g/kg; MUN from 5.6 to 24.3 mg/dL; NH 3 emissions from 2.5 to 36.7 g/d per cow; temperatures from −5.1 to 27.9°C. Relationship between MUN (x, in mg/dL) and the use of these 2 Wisconsin algorithms to calculate average NH 3 emissions rates provided relative NH 3 emission reductions that were similar to each other and to the relative NH 3 emission reductions calculated from the other stanchion study in the Netherlands and the 2 freestall studies in Wisconsin and California (Table 1) . The overall range in relative NH 3 reductions (from 10.3 to 16.6%) when MUN levels declined from 14 to 12 mg/dL and the overall range in relative NH 3 reductions (from 20.9 to 33.7%) when MUN levels declined from 14 to 10 mg/dL indicate that the general NH 3 reduction credits of 10 and 20% proposed by the Wisconsin Advisory Group (WI-DNR, 2010) would be conservative for MUN declines from 14 to <10 mg/dL. Ammonia emission reductions associated with declines in MUN may be even greater if MUN levels exceed 14 mg/dL. For example, an N balance study of a freestall in Wisconsin determined NH 3 reductions of 13.4% for each unit decrease in MUN from 16.7 to 14.7 mg/dL (Aguerre et al., 2010) , and a stanchion study in the Netherlands using SF 6 determined a 35% reduction when MUN decreased from 19.2 to 14.4 mg/dL (van Duinkerken et al., 2010) .
The wide range of barn floor types, dietary CP, MUN, temperatures, and emission methods used in the present analyses (Table 1) , as well as the correspondence among study results, suggests that MUN may be an effective tool for benchmarking and evaluating the effects of feeding practices on relative NH 3 emissions across a wide range of dairy system types in various geographic locations. The information used for this study's calculations (Table 1) was from feeding trials conducted with Holstein dairy cows. The relationships between dietary CP, MUN, UUN excretion, and NH 3 emissions will likely differ from those of other dairy breeds, such as Jersey and Brown Swiss (Wattiaux et al., 2005) .
The currently used infrared assay for rapid determination of MUN in bulk tank samples from commercial dairy farms offers the possibility of extending MUN results to create widespread awareness of the linkages between excessive CP concentrations in dairy rations and increases in MUN secretion, UUN excretion, and NH 3 emissions from dairy farms. Controversy exists, however, surrounding determinations of NH 3 and other gaseous emissions from agricultural systems. The debate centers on different perceptions of required precision in emission measurements. Noninterference techniques (e.g., open-path lasers, N mass balance studies) are deemed necessary for precise determinations of actual emission factors (Harper et al., 2010) . However, chambers of all types have been used successfully for determinations of relative differences in gaseous emissions due to treatments (Rochette and Bertrand, 2010) .
Results of the present study (Table 1) indicate that chambers can be used to determine relative effectiveness of management practices (e.g., improved feeding) on reducing NH 3 (and other gaseous) emissions from dairy farms.
The relative NH 3 emission reductions associated with declines in MUN (Table 1 ) may offer practical, straightforward approaches for creating new awareness, and perhaps for structuring incentives that motivate adoption of improved feeding practices. Whether the 2 to 4 mg/dL reduction in MUN creates a 10 to 20% reduction in NH 3 emission (Table 1 ; WI-DNR, 2010) is not critically important. The positive relationships between dietary CP, MUN, UUN, and NH 3 emissions are scientifically sound, and the uniformity in associations between relative NH 3 emission reduction as MUN declines across various dairy system types could be used to motivate change (improved feeding practices) toward desired outcomes (reduced NH 3 emission). Eventually, the dairy industry may be willing to adopt an incentive structure whereby premiums are offered to dairy producers for milk shipped with the desired range of MUN values. This would be a relatively simple way to move the industry in a positive direction toward abatement of NH 3 emissions and environmental enhancement.
